We examine observational constraints on single-field inflation in which the inflaton is a composite field stemming from a four-dimensional strongly interacting field theory. We confront the predictions with the Planck and very recent BICEP2 data. In the large non-minimal coupling regions, we discover for MCI model that the predictions lie well inside the joint 68% CL for the Planck data, but is in tension with the recent BICEP2 observations. In the case of the GI model, the predictions satisfy the Planck results. However, this model can produce a large tensor-to-scalar ratio consistent with the recent BICEP2 observations if the number of e-foldings is slightly smaller than the range commonly used. For a super Yang-Mills paradigm, we discover that the predictions satisfy the Planck data, and surprisingly a large tensor-to-scalar ratio consistent with the BICEP2 results can also be produced for an acceptable range of the number of e-foldings and of the confining scale. In the small non-minimal coupling regions, all of the models can satisfy the BICEP2 results. However, the predictions of GI and SgbI models cannot satisfy the observational bound on the amplitude of the curvature perturbation launched by Planck, and the techni-inflaton self-coupling in the MCI model is constrained to be extremely small.
Introduction
It was widely excepted that there was a period of accelerating expansion in the very early universe. Such period is traditionally known as inflation. The inflationary paradigm [1, 2, 3, 4, 5] tends to solve important issues, e.g. the magnetic monopoles, the flatness, and the horizon problems, plagued the standard big bang theory and successfully describes the generation and evolution of the observed large-scale structures of the universe. The inflationary scenario is formulated so far by the introduction of (elementary) scalar fields (called inflaton) with a nearly flat potential (see, e.g. [11, 12, 13, 14, 15, 16] ).
However, the theories featuring elementary scalar fields are unnatural meaning that quantum corrections generate unprotected quadratic divergences which must be fine-tuned away if the models must be true till the Planck energy scale. Therefore, it would be of great interest to imagine natural models underlying the cosmic inflation. In general, however, the inflaton need not be an elementary degree of freedom. Recent investigations show that it is possible to construct models in which the inflaton emerges as a composite state of a four-dimensional strongly coupled theory [17, 18, 19] . These types of models have already been stamped to be composite inflation. There were other models of super or holographic composite inflation [37, 38, 39, 40, 41, 42, 43, 44] .
Practically, all speculative ideas concerning physics of very early universe can be falsified by using the observation of the large scale structure. In particular, the temperature fluctuations observed in the Cosmic Microwave Background (CMB) is basically regarded as providing a clear window to probe the inflationary cosmology. To testify all inflationary models, we need observables including: (i) the scalar spectral index n s , (ii) the amplitude of the power spectrum for the curvature perturbations, (iii) tensor-to-scalar ratio r, (iv) the non-gaussianity parameter f NL .
Yet, other relevant parameters are the running of scalar spectral index α ≡ dn s /d ln k and the spectral index for tensor perturbations n T . Most recently, the Planck satellite data showed that the spectral index n s of curvature perturbations is constrained to be n s = 0.9603 ± 0.0073 (68% CL) and ruled out the exact scale-invariance (n s = 1) at more than 5σ confident level (CL), whilst the amplitude of the power spectrum for the curvature perturbations |ζ| 2 is bounded to be A s = 3.089 +0.024 −0.027 (68% CL) [20] with A s ≡ ln(|ζ| 2 × 10 10 ). Having constrained by Planck, the tensor-to-scalar ratio r is bounded to be r < 0.11 (95%CL) . Surprisingly, the recent BICEP2 data renders the bound on r to be r = 0.20
with r = 0 disfavored at 7.0σ CL [21] . The attempts to explain the seed perturbations from inflation were originally studied by many authors [6, 7, 8, 9] . As for gravitational waves generated during inflation, it was earlier calculated in [10] .
The paper is organized as follows: In section (2), we first spell out the setup for a generic model of composite paradigm. We then derive equations of motion and useful expressions. In section (3), we derive n s , r and A s for composite paradigms. In section (4), we examine n s , r and A s , and the range of the model parameters in which these quantities satisfy the observational bound is evaluated. Using the Planck and very recent BICEP2 observations of the (n s − r) plane, we also confront our results with such observations. Finally, the conclusions are given in section (5).
Composite Formulations and Background Evolutions
Recently, it has already been shown that cosmic inflation can be driven by four-dimensional strongly interacting theories non-minimally coupled to gravity [17, 18, 19] . The general action for composite inflation in the Jordan frame takes the form for scalar-tensor theory of gravity as 1
The functions F(Φ) and G(Φ) in this action are defined as
where D is the mass dimension of the composite field Φ, G 0 is a constant and 1/D 2 is introduced for later simplification. In our setup, we write the potential in the following form:
where the field ϕ possesses unity canonical dimension and f (Φ) is a general function of the field Φ concretely implemented below. The non-minimal coupling to gravity is signified by the dimensionless coupling ξ. Here, we write the general action for the composite inflation in the form of scalar-tensor theory of gravity in which the inflaton non-minimally couples to gravity. At the moment, the non-minimal term ξΦ 2/D R/M 2 P has purely phenomenological origin. The reason resides from the fact that one wants to relax the unacceptable large amplitude of primordial power spectrum generated if one takes ξ = 0 or smaller.
According to the above action, the Friedmann equation and the evolution equations for the background field are respectively given by
where F t =Ḟ/(2HF), H is the Hubble parameter, subscripts "Φ" denote derivative with respect to Φ, and the dot represents derivative with respect to time, t. In the following calculations, we will set M 2 P = 1. In order to derive the observables, it is common to apply the standard slow-roll approximations such that
With these conditions, the equations given in Eq.(4)-Eq.(7) become
Here the first relation can be derived by differentiating Eq.(4) with respect to time and then applying the above slow-roll conditions and Φ ≡ dΦ/d ln a =Φ/H. In order to keep our investigation more transparency, we will express hereafter the relevant parameters in term of the canonical-dimension one field ϕ. For more convenience, we expand the parameters around the coupling ξ, and find for ξ 1
and for ξ 1
with Θ ≡ (1/ f (ϕ))(∂ f (ϕ)/∂ϕ). We can also do the same exercise to expand ϕ around a small ξ such that
Having computed the field ϕ at the end of inflation ϕ e by using the condition (ϕ e ) = 1, one can determine the number of e-foldings via
where the subscript "e" denotes the evaluation at the end of inflation and ϕ is given by Eq. (8) .
At the observable perturbation exits the horizon, we can evaluate the field ϕ once the number of e-foldings N is specified. Determining the value of ϕ and ϕ when the perturbations exit the horizon allows us to compute the spectral index and power spectrum amplitude in terms of the number of e-foldings.
Power Spectra and Spectral Index
In order to obtain the power spectra for our models, it is (tricky) convenient to use the results in Einstein frame. In order to transform the action in the Jordan frame into the Einstein one, we take the following transformation,g
Regarding to the above (conformal) implementation, the action in Eq. (1) can be written in Einstein frame as
whereg andR are computed fromg µν , "tildes" represent the quantities in the Einstein frame, and
, and
Using the expression for the slow-roll parameter,˜ , in the Einstein frame such that
one can simply show that˜
It is well known that the power spectrum for the scalar perturbation generated from inflaton field Φ in the Einstein frame is given by
where the above expression is evaluated at the conformal time τ when the perturbation with wavenumber k exits the horizon, and the tensor-to-scalar ratio is
Since the power spectra are frame-independent, we can use Eq. (18) to write the power spectrum in Eq. (19) and the tensor-to-scalar ratio in Eq. (20) in terms of as
The spectrum index for this power spectrum can be computed via
Using Eq.(8), we get
where Θ ϕ = ∂Θ/∂ϕ. For our discussion below, we expand the spectrum index around ξ for both ξ 1 and ξ 1. For the first case ξ 1, we find
The amplitude of the curvature perturbation can be directly read from the power spectrum and we find
Using Eq. (8), the above equation becomes
The expansion of |ζ| 2 around ξ for both ξ 1 and ξ 1 respectively reads
and
We can write the tensor-to-scalar ratio in terms of functions F and G as
The ξ-expansion of the tensor-to-scalar ratio r reads for ξ 1
In the next section, we will implement our setup to investigating the models of composite inflation.
Contact with Observations
As it is well known in particle physics, the elementary scalar sector, like the Higgs field in the SM, is plagued by the so-called hierarchy problem. Therefore, a natural hope for employing the composite fields is to solve such problem. In this section, we examine observational constraints on single-field inflation in which the inflaton is a composite field stemming from a four-dimensional strongly interacting field theory non-minimally coupled to gravity using the Planck data and BICEP2 results. This non-minimal coupling of scalar fields to gravity was pioneered in several earlier [45, 46, 47, 48, 49, 50] and recent works [51] where a similar phenomenological large value of ξ was needed. However, it is very interesting to further study a potential origin of such a large coupling. It was potentially shown that the models of composite inflation nicely respect tree-level unitary for the scattering of the inflation field during inflation all the way to the Planck scale [17, 18, 19] .
Minimal Composite Inflation
The authors of [17] recently demonstrated that it is possible to obtain a successful inflation in which the inflaton is a composite field stemming from a four-dimensional strongly interacting field theory. In this work, they engaged the simplest models of technicolor passing precision tests well known as the minimal walking technicolor (MWT) theory [26, 27, 28, 29] with the standard (slow-roll) inflationary paradigm as a template for composite inflation. A natural hope is to tie the two mechanisms in such a way that only one natural dynamical mechanism is sufficient to break the electroweak symmetry and also lead inflation. However, within the framework present in [17] , the authors showed that the dynamical scale behind inflation is the grand unified energy scale. Therefore the new strongly coupled dynamics cannot be associated directly to electroweak symmetry breaking. For model of inflation, the inflaton in this consideration is identified with the lightest composite state, and we write Φ ≡ ϕ, in which we couple non-minimally to gravity. The resulting action in the Jordan frame is given by [17] :
where
in which κ is a self coupling and the inflaton mass is m 2 TI = 2m 2 . Since m TI is order of the GeV energy scale, κ should be order of unity and ϕ during inflation is order of Planck mass, we neglect m 2 TI term in our calculation. For this model, we have
For this form of the potential, Eqs. (24), (31), (28) and (13) yield the intuitive results, Figure 1 : The contours display the resulting 68% and 95% confidence regions for the tensor-toscalar ratio r and the scalar spectral index n s . The red contours are for the Planck+WP+highL data combination, which for this model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI 2013 [20] ). The rest represents the BICEP2 constraints on r. The plots show the numerical data resulting from the MCI model by varying the coupling ξ within a range of 10 −3 ξ 10 6 .
Figure 2: The plot shows the relation between the amplitude of the power spectrum A s and the non-minimal coupling ξ within a range of 10 −3 ξ 10 6 for N = 50, 60 predicted by the MCI model. The horizontal bands represent the 1σ (yellow) and 2σ (purple) CL for A s obtained from Planck.
For more transparency, we consider in the large ξ limit, and write n s , r and |ζ| 2 in terms of N as
In this case with κ ∼ O(1), n s , r and A s are well consistent with the Planck data up to 2σ CL for N = 60 and 4.7 × 10 4 ξ 5.0 × 10 4 , for instance, illustrated in Fig (2) . However, A s does strongly depend on N, and thus the coupling can be lowered (or raised) if N changes. Unfortunately, with large ξ, the prediction r for this model is in tension with the recent BICEP2 results shown in Fig (1 ).
In the small ξ limit, we have
In this situation, the prediction of r for this model can be consistent with the recent BICEP2 results shown in Fig (1) . In addition, we discover that the amplitude of the curvature perturbation A s can satisfy the Planck data at 2σ CL for N = 60, ξ ∼ 10 −3 if κ ∼ 10 −13 illustrated in Fig (2) . However, in this case the prediction of such a vary small κ is opposed to that from the underlying theory κ ∼ O(1). We will further provide detailed discussions about this model for a small and large ξ in the last section.
Glueball Inflation
In the current investigation, we consider another viable model of composite inflation. The simplest, but intuitive, examples of strongly coupled theories are pure Yang-Mills theories featuring only gluonic-type fields. The authors of [18] demonstrated that it is possible to achieve successful inflation where the inflaton emerges as the interpolating field describing the lightest glueball associated to a pure Yang-Mills theory. The original derivation of the low-energy effective Lagrangian can be found in [31, 32, 33] . It is worthy to note here that the theory we are using describes the ground state of pure Yang-Mills theory, and of course is not the simple φ 4 theory. Here one can Figure 3 : The contours display the resulting 68% and 95% confidence regions for the tensor-toscalar ratio r and the scalar spectral index n s . The red contours are for the Planck+WP+highL data combination, which for this model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI 2013 [20] ). The rest represents the BICEP2 constraints on r. The plots show the numerical data resulting from the GI model by varying the coupling ξ within a range of 10 −3 ξ 10 6 .
effectively solve the cosmological "hierarchy problem" in the scalar sector of the inflation which is not solved by Higgs inflation. According to the model we are considering, the scalar field corresponds to a low energy effective action which accounts already for the underlying quantum non-perturbative corrections of pure Yang-Mills. Therefore, the model needs not to be further renormalized. Another difference from the φ 4 theory is that the form of the effective potential, before coupling to gravity, is completely fixed by the underlying gauge theory. There are no small couplings in the effective action potential. However, other models of a scalar field non-nimimally coupled to gravity have already been investigated in numerous papers. For instance, the authors in [35] considered the renormalization group improvement in the theory of the Standard Model Higgs field playing the role of an inflaton with a strong non-minimal coupling to gravity, and in [36] studied a quantum corrected inflation scenario driven by the Standard Model type potential. For this model, we write
so that the effective Lagrangian for the lightest glueball state, constrained by the Yang-Mills trace anomaly, non-minimally coupled to gravity in the Jordan frame reads
Here the physical meaning of Λ underlying inflationary scenario has already been discussed in [18] . The effective potential given above is known in particle physics. It is the generating function for the trace anomaly of a generic purely gluonic Yang-Mills theory such that Φ is a composite operator. It is convenient to introduce the field ϕ possessing unity canonical dimension and related to Φ as follows:
From the above assignment, the action then becomes
which yields
Here the above quantities can be directly read from the action (49) . For this form of the potential, F and G, we can use Eq. (13) to compute the number of e-foldings in the ξ 1 and ξ 1 limits respectively as
where in the calculation of N for the small ξ case, we have supposed that ln(ϕ/Λ)
1. This is so since when ln(ϕ/Λ) < 1 we get N < 0 unless ϕ < ϕ e . However, this approximation for N at small ξ limit is valid if Λ 1, since the O(ξ) term in Eq.(11) becomes significant when Λ > 1. In contrary, for ξ 1 case, we compute the expression for N by supposing that Λ is not too small, otherwise we have to keep the next leading order terms in the expansion of ϕ and given in Eqs. (10) and (12) . In the case where Λ is not too small, it follows from Eq.(10) that ln ϕ e /Λ ∼ O(1) at leading order. Moreover, we see from Eq. (9) that ϕ e ∼ O(1) when Λ < 1. Hence, for these cases, we neglect the ϕ e -dependent terms in the above expressionf for N. Using these expression for N, we can write ϕ in terms of N. Therefore we can use Eqs. (26), (30) and (33) to write n s , r and |ζ| 2 in terms of N for ξ 1 case as
and use Eqs. (25), (29) and (32) to express n s , r and |ζ| 2 in terms of N for ξ 1 case as
From the above analytical estimations, we see that when ξ 1, n s , r and |ζ| 2 can satisfy the 95%CL observational bound from Planck data if 50 < N < 60 and ξ ∼ 10 4 . Nevertheless, for such range of N, r lies outside the 2σ CL with BICEP2 results shown in Fig. (3) . The value of r will increase and then satisfy the bound from BICEP2 results when N 45 or ξ 1. For the ξ 1 limit, however, it follows from Eq.(59) that |ζ| 2 is much larger than the observational bound from Planck data. We see from Fig. (3) and (4) that these analytical estimations are in good agreement with the values for n s , r and |ζ| 2 numerically computed from Eqs. (24), (31) and (28) . Implementing numerical analysis allows us to explore the behaviour of n s , r and |ζ| 2 to what extent they are responsible for the confining scale Λ. From numerical investigations, we come up with the following additional information: Firstly, for large ξ case, n s and |ζ| 2 get higher while r gets smaller when Λ decreases. Secondly, n s and r get higher when Λ increases above unity for ξ 1 case.
In general, the potential arises in this model of composite inflation is quite subtle, because it becomes negative when ϕ < Λ and its minimum is also negative. However, the authors of [55] investigated cosmological evolution in models in which the effective potential become negative at some values of the inflaton field. They also discovered several qualitatively new features as compared to those of the positive one. In the next section, we will consider the another compelling paradigm for composite inflation model that leads to a new form of the potential for inflation.
Super-glueball Inflation
This model has been explored in [19] in the context of four-dimensional strongly interacting field theories non-minimally coupled to gravity. The authors showed that it is viable to achieve successful inflation driven by orientifold field theories. When the number of colors N c is large, such theories feature super Yang-Mills properties. In this investigation, we assign the inflaton as the gluino-ball state in SYM theory. The effective Lagrangian in supersymmetric gluodynamics was constructed in 1982 by Veneziano and Yankielowicz (VY) [30] . The component bosonic form of the VY Lagrangian was summarized in [34] . For this model, we write
As always investigated in standard fashion, we take the scalar component part of the super-glueball action and coupled it non-minimally to gravity. Focusing only on the modulus of the inflaton field and taking the next step in order to write the non-minimally coupled scalar component part of the super-glueball action to gravity, the resulting action in the Jordan frame reads
In order to re-write the action in terms of the new field ϕ possessing unity canonical dimension, we replace the field Φ with Φ = ϕ 3 since in this case D = 3. Therefore, the action of the theory for our investigation is given by
with N c a number of colours. With the action given above, we find Figure 5 : The contours display the resulting 68% and 95% confidence regions for the tensor-toscalar ratio r and the scalar spectral index n s . The red contours are for the Planck+WP+highL data combination, which for this model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI 2013 [20] ). The rest represents the BICEP2 constraints on r. The plots show the numerical data resulting from the SgbI model by varying the coupling ξ. Using the similar approximations to those of the Glueball Inflation, the number of e-foldings for this inflation model in the large and small ξ limits are respectively approximated by
Regarding to the above relations between the number of e-foldings and ϕ, we can compute n s , r and |ζ| 2 in terms of N for ξ 1 and ξ 1 limits. For a large ξ limit, Eqs. (26), (33) and (30) yield
and for a small ξ limit, Eqs. (25), (32) and (29) give
The main results from the above analytical estimations are similar to those of Glueball Inflation. The interesting different result is that for this model of inflation, r can be large enough to satisfy the bound launched by BICEP2. We compute n s , r and |ζ| 2 for this model numerically using Eqs. (24), (31) and (28) (5) and (6), the numerical implementations also address that, for ξ 1, r gets smaller when Λ decreases, and r is in tension with the BICEP2 results when Λ < 10 −4 .
Conclusions
In this work, we constrain the model parameters of various composite inflationary models using the observational bound for n s and r from Planck and recent BICEP2 observations, and use A s from Figure 7 : The contours display the resulting 68% and 95% confidence regions for the tensor-toscalar ratio r and the scalar spectral index n s . The red contours are for the Planck+WP+highL data combination, which for this model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI 2013 [20] ). The rest represents the BICEP2 constraints on r. The plots summarise the predictions of composite models examined in this work (MCI, GI, SgbI) assuming the number of e-foldings N to the end of inflation lies in the interval [40, 60] and ξ 1.
Planck data. The general action for the composite inflation has to be in the form of scalar-tensor theory in which the inflaton is non-minimally coupled to gravity. We compute the power spectra for the curvature perturbations by using the usual slow-roll approximations. We summarise our findings, illustrated in Fig. (7) as follows:
We discover for MCI model with ξ 1 that the predictions lie well inside the joint 68% CL for the Planck+WP+highL data for N = [40, 60] , whilst for N = 60 this model lies on the boundary of 1σ region of the Planck+WP+highL data. However, with ξ 1, the model predictions is in tension with the recent BICEP2 contours. This is so since the model predictions yield quite small values of r. Concretely, the model predicts ∼ 1/N 2 which no longer holds in light of the BICEPS results for r = 16 such that r = 0.2
. Nevertheless, this tension can be relaxed if ξ is very small, i.e. ξ ∼ 10 −3 . If this is the case, A s cannot satisfy the Planck data unless κ gets extremely small, i.e. κ ∼ 10 −13 . Unfortunately, the prediction with very small κ is opposed to the underlying theory. This model predicts n s 0.960 and r 0.0048 for N = 50 with ξ 1. Likewise, the Higgs inflation is also in tension with the recent BICEP2 data. The authors in [56] claim the incompatibility between the BICEP2 results and the predictions of Higgs inflation. This tension can be alleviated with the presence of sizable quantum departures from the φ 4 -Inflationary model with the non-minimally coupled scenario [57] .
The inflationary observables predicted by the GI model lie well inside the Planck+WP+highL data for N ⊆ [45, 60] at the 2σ region of the contours for large ξ. Nevertheless, the predictions of this model with N > 45 are in tension with the BICEP2 data. However, this can be accommodated to the data allowing that the smaller number of N is basically required. It is obvious that N is model-dependent quantity. However, it is quite subtle if we have N 45 for model of inflation. This is so since, in order to solve the horizon problem, in the common formulation one frequently use at least N ⊆ [50, 60] . We anticipate this can be further verified by studying the reheating effect.
We discover that A s is well consistent with the Planck data up to 2σ CL for N = 60 with 7.3 × 10 4 ξ 7.5 × 10 4 , illustrated in Fig (4) . However, A s does strongly depend on the number of e-foldings implying that the coupling can be lowered (or raised) with changing N. This model provides n s 0.967 and r 0.089 for N = 45 with ξ 1. In the small ξ limit, we find that the predictions for n s and r are consistent with Planck data illustrated in Fig. (3) . In the case ξ 1, we find that the predictions can also satisfy the recent BICEP2 results. However, with a very small ξ limit, the amplitude of the curvature perturbation A s lie far away from the 95% CL of the Planck data shown in Fig. (4) . Surprisingly, the SgbI predictions are fully consistent with BICEP2 constraints for N ⊆ [50, 60] . Moreover, the model can also be consistent with the Planck contours at 1σ CL. We discover that A s is well consistent with the Planck data up to 2σ CL for N = 50 and N c = 3 with 9.2×10 4 ξ 9.5×10 4 , illustrated in Fig (6) . This model provides n s 0.960 and r 0.16 for N = 50 with ξ 1. However, with the very small ξ, the amplitude of the curvature perturbation A s cannot get close to the 95% CL of the Planck data shown in Fig. (4) . It would be nice to use the BICEP2 results to constrain Λ SgbI since the data provides us the lower bound on r. According to the recent BICEP2 data, we roughly opt r 0.12 and use N c = 1(3) predicting Λ SgbI > 10 −3 (10 −4 ) which corresponds to, at least, the GUT energy scale in this investigation, in order to satisfy the BICEP2 data at 1σ CL. We hope that the future observations will provide significant confirmation for this model.
Another crucial consequence for the model of inflation is the (p)reheating mechanism. We anticipate to investigate this mechanism by following closely references [52, 53, 54] . 
